Abstract -This paper describes electrical and optical characteristics of discharge developments in water under inhomogeneous fields caused by impulse voltages. Predischarge current and discharge light images were observed for different water resistivities and applied voltages between the hemispherical water tank and the needle electrode. The electrical parameters characterizing discharge developments are analyzed based on the discharge light images and voltage-current (V-I) curves, and electrical resistances derived by voltage and current waveforms. As a result, when the streamer corona is initiated at the tip of the needle electrode, the transient resistance suddenly drops and V-I curves form a 'loop'. The length of streamer propagation is increased with increasing peak value of the applied voltage, and the streamer corona extension is enlarged with increasing water resistivity. The electrical resistances before streamer corona initiation are rarely changed by different applied voltages. On the other hand, the electrical resistances after streamer corona initiation are found to be inversely proportional to the peak value of the applied voltage, and the decreasing rates for higher water resistivities are much higher than those for lower water resistivities. The time to streamer corona initiation and the time to the second current peak become shorter as the voltage increases. Finally, the calculated resistances after streamer corona initiation are almost the same trace of measured resistances, but they are smaller than the measured values.
Introduction
There is considerable interest in the breakdown phenomena of water, particularly as a functional media. Streamer corona discharges in liquids can produce high energy electrons, ozone, chemically active species, ultraviolet rays and shock waves. The characteristics of electrical discharges in water are widely used in a variety of industrial, medical and environmental applications, as well as energy storage, sewage treatment, switching and insulation in pulsed power systems, water purification, etc. [1] - [3] . Gas and solid discharge phenomena have been investigated in detail and their physical properties are relatively well known. Also, the breakdown phenomena in insulating liquids have been studied for many years, but investigations into the nature of discharges in water have not been so numerous. Also, the characteristics of the breakdown caused by pulsed voltages in tap and distilled water with higher resistivities have been partially investigated [4] , [5] . Although the mechanisms of streamer corona initiation and propagation in liquids are clearly not yet understood, two leading theories of the initial breakdown mechanisms in water are as follows: 1) charge injection occurs at the electrode/water interface, and 2) electron impact ionization occurs in a low-density region of the water [6] . Electrical discharges in water are useful not only to understand the physical properties of ionization phenomena in liquids but also to analyze the underwater discharges which occur in grounding electrodes immersed in ground water and rain water.
To clearly understand the electrical and optical properties of the discharge developments in water subjected to impulse voltages, more quantitative and detailed experimental results have to be considered. The objective of this paper is to present experimental data on the discharge phenomena and the parameters of the electrical breakdown in water subjected to impulse voltages. This paper presents electrical parameters in relation to the discharge developments in water under an inhomogeneous field caused by 1.2/50 ㎲ lightning impulse voltage in different water resistivities. The temporal characteristics of discharge developments are analyzed based on the discharge light images observed with a digital camera and a high speed ICCD camera simultaneously. Measured results and physical properties will be discussed in detail.
Experiments
To investigate the characteristics of electrical discharge development in water, the experimental set-up used in this work consisted of; the electrode system, the impulse voltage generator, and the measuring system, as shown in Fig. 1 . The voltage applied to the needle electrode was provided by the 8-stage Marx generator producing a 1.2/50 ㎲ impulse waveform with a peak voltage of 400 kV. The maximum charge energy is approximately 20 kJ at 50 kV charging voltage. The hemispherical water tank with a diameter of 1,100 mm was made of stainless steel. To take discharge light images, two observation windows with a diameter of 210 mm are installed at an angle of 90˚ and a height of 150 mm from the bottom of the hemispherical water tank. The needle electrode was made of a stainless steel 3 mm diameter needle with a conical end. The radius of the tip of the needle electrode was 0.3 mm. The needle electrode was elected at the center of the hemispherical water tank. Insulating and PVC pipes were used to support the needle electrode and enhance the insulating level. The needle electrode was immersed in the test vessel filled with water to a depth of 200 mm. In this experiment, the separation between the tip of the needle electrode and the bottom of the hemisphere water tank was fixed at 100 mm. All experiments were carried out at room temperature.
The voltage at the needle electrode, and the current through the test gap, were measured by the capacitive divider with 10,000:1 ratio and a 0.02 Ω sensitive shunt, respectively, and their waveforms are recorded at a digital storage oscilloscope which has 4 channels and 400 MHz bandwidth. Discharge light images were taken by a digital camera and fast gated ICCD camera which have minimum 50 ns exposure time. To take discharge lighting images clearly, the hemispherical water tank is compassed by dark cloth. To evaluate the electrical discharge characteristics in tap water and rain water, water resistivity was adjusted in the range from 10 Ω․ m to 200 Ω․ m by adding sodium chloride (NaCl) and measured by the electric conductivity meter (CM-21P, TOA). The resistances before and after streamer corona initiation at the tip of the needle electrode were analyzed in different water resistivities as a function of applied voltages. The calculated resistances after streamer corona initiation, which are obtained using the length of streamer corona propagation measured by the time-integrated discharge light images, were compared with measured values. 
Results and Discussion

Characteristics of streamer discharges
Streamer corona discharges in water occur when a very high electric field is suddenly applied to the water gap. An electron avalanche can occur immediately in water under a high electric field, leading to the propagation of the water streamer [7] . Streamer corona initiation and propagation mechanisms in some liquids have been reported, two models for streamer corona initiation are considered: one is the electronic process, which involves electron injection drift in the liquid at the cathode, the other covering the concept of microbubble formation due to vaporization and/or cavitation and electrical breakdown in the gas bubbles [8] , [9] . Fig. 2 shows the time-integrated discharge light images in water, taken by the digital camera, for different voltages and water resistivities. Because the discharge light images caused by streamer corona are faint, the digital camera was set to an exposure time of 5 seconds and 5.6 irises during the experiment. When the applied voltage in the positive polarity is gradually increased from zero, streamer coronas begin to appear at the tip of the needle electrode and propagate toward the bottom of the hemispherical water tank.
At the water resistivity of 200 Ω.m, the streamer corona initiates from 31.8 kV to 50.4 kV and the electrical breakdown occurred at voltages greater than 50.4 kV. The streamer corona length increases with an increase in the magnitude of the applied voltage. The streamer coronas which occurred at the level below the electrical breakdown voltage cease in water. When water resistivity decreases, the streamer corona initiation voltage is lowered, but the electrical breakdown voltage is elevated. The streamer corona developments in water are principally electrical and optical processes which are caused by the electron avalanche effects of the air in the bubbles. It has been reported previously that the streamer corona development mechanisms in water are closely associated with the ionization of the air in the bubbles [10] . There is immediately a striking resemblance between propagating electrical trees in solids and streamer coronas in liquids. Light emission may be expected to occur, being produced both in the bond breaking processes and also from molecular excitations accompanying the electron acceleration in the electric field. The cathode-directed streamer corona propagation from the anode arises from the creation of a new liquid/air interface and the reilluminations observed in the streamer do not have conductive properties, and are not necessarily connected back to the anode [9] . Also, the difference between the critical streamer corona initiation voltage and the electrical breakdown voltage increases with decreased water resistivity. Photographs at the right end of Fig. 2 show examples of the voltages just below the electrical breakdown voltage in water for various resistivities. The timeintegrated discharge light images, taken by a digital camera, for lower water resistivities illustrate the cathode-directed streamer corona propagation, and are much thicker and brighter than those for higher water resistivities at the same level of applied voltage. The dependence of streamer corona development on the applied voltages was measured. A sketch of the crosssectional view of the ionized region around the tip of the needle electrode was shown in Fig. 3 . The length of streamer corona discharge around the tip of the needle electrode in radial directions was not uniform. The streamer corona expands intensively in the axial direction of the needle electrode in comparison with radial size because of the conical end of the tip of the needle electrode. The length of the visual streamer corona increases with increasing applied voltage, until the electrical breakdown occurs, as reported in the literature [11] .
The streamer length was obtained from the timeintegrated discharge light images taken by the digital camera. Fig. 4 shows the variation of the maximum streamer length for different water resistivities as a function of peak voltage. Although the data are dispersed, the length of the streamer corona development is roughly proportional to the peak voltage. The dependence of the length of streamer corona development on the peak voltage is dominant for higher water resistivity. During the streamer propagation, numerous micro-bubbles are produced not only in the vicinity of the leader stem but also in the tip of the streamer corona. The size of the bubble must be sufficient for the growth of the streamer corona and the conversion into a fast breakdown streamer according to the theory of discharge in liquids in the microsecond time [12] .
Electrical Parameters
When the electrical characteristics of streamer corona discharge developments in water are evaluated, ionization phenomena need to be taken into account. Two methods were used, in this paper, to analyze these characteristics and phenomena. Typical examples of the measured voltage and current waveforms in water with resistivity of 50 Ω·m for different applied voltages were illustrated in Figs. 5 (a) and (b), and the transient resistance traces derived from dividing the voltage by current were represented in Fig. 5 (c) . The current flow through the test gap can be seen to occur in two stages: (1) pre-ionization, in which the current depends on the water resistivity, and (2) post-ionization, characterized by a large current originated from the streamer corona initiation. The step or plateau on the leading edge of the current pulse was observed at voltage levels greater than the streamer corona initiation voltage. The plateau is produced, in this case, by the combination of different conduction mechanisms. Since the initial rising part of the leading edge of the current pulse is proportional to the magnitude of applied voltage, it is caused by an ionic conduction mechanism. The second rising part of the current pulse will be caused by the transition of an ionic conduction mode to a streamer corona discharge mode. That is, the nonlinearity is attributed to the streamer corona propagation processes due to the electric field enhancement in the vicinity of the tip of the needle electrode.
The electrical resistance at the applied voltage of 30 kV is rarely changed, since the current increases linearly with voltage. On the other hand, at an applied voltage of 60 kV, the ionization is initiated at the time of 5 ㎲, then the current rises and the voltage drops steeply. The higher the applied voltage is, then the shorter the time to the ionization threshold. The temporal resistance, defined as the voltage divided by the current, also gets lower with increasing magnitude of applied voltage. The temporal resistance at the instant of the ionization threshold drops sharply, as shown in Fig. 5 (c) . Because the ionization region, shown in Fig. 3 , is likely to act as an expended electrode, the electrical resistance is significantly decreased to a value less than the initial static resistance. For example, the electrical resistance at the applied voltage of 80 kV decreases from 800 Ω to 200Ω for a time of 3 ㎲.
Ionization characteristics in water were also analyzed by V-I curves for different applied voltages and water resistivities, as plotted in Figs. 6 (a) and (b curves are strongly dependent on the water resistivity and the magnitude of applied voltages. At voltages less than the ionization threshold, the current linearly increases with the magnitude of applied voltage, and the V-I curve is a straight line, as seen in Fig. 6 (a) . On the other hand, as the magnitude of applied voltage is higher than the ionization threshold level, the V-I curves form a 'loop' due to the difference in front and tail times between the voltage and current traces. The V-I curves are drawn clockwise and their sizes get larger with increasing magnitude of applied voltage. The slopes of the straight line drawn between the origin and each point on the V-I curves mean the electrical resistance and the clockwise drawn loop represents a decrease of electrical resistance. Fig. 6 (b) illustrates the variation of the V-I curve as a parameter of the water resistivities at the applied voltage of 80 kV. All V-I curves form loops. The maximum voltage and current for the water resistivity of 100 Ω·m were 62 kV and 125 A, respectively. However, in the case of the water resistivity of 10 Ω·m, the maximum voltage decreases to 28 kV and the maximum current increases to 155 A. As the water resistivity is decreased, the loops are rotating clockwise, which mean that the electrical resistance after ionization decreases. The V-I curve for the water resistivity of 10 Ω·m illustrates the two step development of streamer corona discharges. Because the ionic conduction currents for lower water resistivities are relatively large compared to the current resulting from streamer corona discharge, and the size of the loop is getting smaller. When recording the voltage and current waveforms, discharge light images were taken by a digital camera and a high speed ICCD camera simultaneously. Fig. 7 shows typical examples of the measured voltage and current waveforms and the time-integrated and temporal discharge images observed with the digital camera and ICCD camera with a time interval of 500ns at the initial 2 ㎲ delay time. The discharge light images illustrate the cathode-directed streamer corona propagation. The discharge light images will tend to be synchronous with the current pulses. The sudden voltage drop and current rise due to exceeding the ionization threshold coincide with the appearance of the discharge light images which appear after 4 ㎲ in Fig. 7 .
The current waveform at a voltage just above the streamer corona initiation voltage is given with a step on the leading of the pulse in the predischarge regime. The current pulses have two current peaks with some time-lags. To analyze the ionization phenomena, the two time parameters are defined as shown in Fig. 7 (b) : where the time-lag 1 t is the time to ionization threshold (preionization time) and the time-lag 2 t is the time to the second current peak (post-ionization time). Also, the preionization resistance 1 R is defined as the voltage divided by the current at the time of 1 t and the post-ionization resistance 2 R is calculated by the same method at time 2 t . Fig. 8 shows the results of the time-lag to the ionization threshold 1 t and the time-lag to the second current peak 2 t as a function of peak voltage. The time-lag 1 t for the streamer corona initiation after voltage application was sensitive to the magnitude of applied voltage, but it was insensitive to water resistivity. Both time-lags 1 t and 2 t were inversely proportional to the applied voltage. The time-lags 1 t tends to be shorter with increasing water resistivity, but the time-lags 2 t for higher water resistivities were longer than those for lower water resistivities at the same magnitude of applied voltage. The diverted result of the time parameter came from the variations of the conduction currents and the difference between the applied voltage and the peak voltage.
Ionization in water is caused by electric field enhancement at the tip of the needle electrode. The ionization leads to the creation of some parallel streamer coronas propagating away from the energized electrode. The length of the streamer corona propagation is closely dependent on the applied voltage. The average streamer corona propagation velocity is constant during the voltage application and has almost identical values for different voltages [8] . When streamer coronas propagate radically toward the grounded water tank, the electrical resistance of the ionization region will fall from high to low values.
The post-ionization resistance could be calculated using the assumptions that replace the needle electrode with expended hemispherical electrode and substitute ionization radius by the maximum length of streamer propagation as shown in Fig. 4 . Assuming that the ionization region expands uniformly, the post-ionization resistance could be calculated from Eq. (1).
where , 1 r is radius of the ionization region 2 r is radius of the hemispherical water tank
The pre-ionization resistance 1 R , the measured postionization resistance 2 R and the calculated post-ionization resistance '
2 R for different peak voltages and water resistivities were shown in Fig. 9 . Because the voltages increase linearly with current, the pre-ionization resistances 1 R are not seriously affected by peak voltages. The pre-ionization resistance 1 R for the water resistivity of 200 Ω·m was about 3 kΩ and it was proportionally reduced to less than 180 Ω for a water resistivity of 10 Ω·m. On the other hand, the measured post-ionization resistances 2 R for different applied voltage are lower than half of the preionization resistances at the same applied voltages. As expected, the post ionization resistances 2 R are inversely proportional to peak voltages because the length of the streamer propagation increases with increasing the applied voltages. When ionization is initiated, the ionization region around the tip of the needle electrode, operating as a radically expended electrode, decreases the post-ionization resistance. The reducing rate of the post-ionization resistance for higher water resistivities were larger than that for lower water resistivities, as the conduction currents increase sharply with decreasing water resistivity. The calculated post-ionization resistance ' 2 R shows the same tendency with the variation of 2 R , however the resistance ' 2 R is lower than the resistance 2 R . The difference between the resistances ' 2 R and 2 R comes from the error factors in the expended ionization region caused by streamer discharges not being correct hemispherical shapes and the maximum length of streamer propagation was employed as the radius of expended ionization region. It is considered that the difference between the measured and calculated results could be originated from the intensive streamer expansion in the axial direction of the needle electrode with a conical end. In this analysis, it has been assumed that the ionization in water takes place uniformly around the tip of a needle electrode. However, practically, the electric field is enhanced at the tip of a needle electrode, and it is probable that the ionization is initiated at the tip of a needle electrode and is strongly developed near the needle electrode. 
Conclusions
This paper has investigated the electrical and optical characteristics of the streamer corona discharge developments in water initiated at the tip of a needle electrode subjected to standard lightning impulse voltage. The streamer corona discharge developments in water have been analyzed by not only the discharge light images but also voltage/current waveforms, transient electrical resistance variations and V-I curves. The experimental results obtained in this work could be summarized as follows:
As the water resistivity decreases, the ionization threshold voltages are gradually reduced and the discharge light images are more dispersed and brighter. The two separate conduction phases were observed above a certain voltage level, and the second current peak is produced by the streamer corona initiation at the tip of the needle electrode. It was found that the time-lag to the ionization threshold and the time-lag to the second current peak were shortened with the magnitude of applied voltages. The V-I curves above the ionization threshold voltage form a 'loop', the size of the loop is reduced with decreasing water resistivity. The post-ionization resistance above the ionization threshold voltage was significantly reduced due to expanding ionization regions. The calculated post-ionization resistances have good correlation with the measured results in all water resistivities. It is believed that the asymmetric streamer expansion is the main reason for the difference between the measured and calculated resistances.
